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DNA double-Btrand breaks CDSBa) arc a highly muta- 
genic and potexiiiaJly lethal damage that occurs in all 
organisms. ManiinaUan cells repair DSB8 by hfttnolo- 
gQU9 recombination and non-bojnologoii«» end joining^ 
the latter requiring DNA-dependent protein kinase 
(DNA-PK), Wcmcr syndrcnme ia a di Aorder choractcrized 
by genomic inBtability^ agin^ patbologiefl and defective 
WRN^ a ReeQ-like helioase with exonucleaae activity* We 
fihow that WRN interacts directly with the catalytic sub- 
unit of DNA-PK (DNA-PKcs), which Inhibits both the 
hclicase and exonudeaoe activities of WltN^ In addxtioin 
we show that WRN forms a stable complex on DNA. with 
DNA-FKcs and the DNA binding subuKiii Ku. Thift asflem- 
hly reverses WRN mzym^iw inhibition. Flnallyi we 
»how that WRN is phosphorylated in vUro by DNA^PK 
and requires DNA-FK for |phoq|ihorylation m ^vo^ and 
that cells deficient jn WRN are mild^ sensitive to ionis- 
ing radiation. These data miggest that DI^-FK and WHN 
may function together in UNA metabolism and implicate 
WRN ftmction in non-homologous end joinings 



The rapid r^gnition and repair of DNA damage is esftantisl 
for the maintenance of genomic integrity and cdlular sorviva], 
DNA double-fitrand breaks (DSBs)^ are particularly mutagenic 
when mi9rq3a7,r^d and lethal if unrepaired. DSBs are intro- 
duced into the genome by several meana, including errors in 
DNA metabolism, ianiadng radiation, ojddative damage, and 
radiomimctic drugs. Many cancer therapies exfUoit tho lethal- 
ity of DNA DSBs by chemically or physically inflicting tiiis type 
of damage an cancer cells* Eukaiyotic ceile have evolved two 
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with :La IJ.S.C. Section 1734 solely to indicate this fact. 
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nyl)-2-<4-aulfophenyl)-2n'tetrazolium (itincr salt); J7TT, dtthiotliraitol; 
bp> bo^o pciirCfr). ' 



mcyoT pethwayH to repair DSBb*. bomologoua rocombinatioo 
and nonhomologous end joinirt^f (NHEJ). Both pathwayi? con- 
tribute significantly to the repair of DSBs and the viability of 
cqllfii encountering this type dT damage (1). 

The UNA-dopendcnt protein W.rt9ee (DNA-PK) is a key com- 
ponent or the raammalian NHIS^J repair pathway. DNA-PK ia 
an abundant nuclear senne/threonlne protein kinase congiat- 
ing of a 460-kDa catalytic auburit» DNA-PKca. and a DNA 
binding component, Ku. Ku is a hotcrodirojer comprising SS- 
kDa (KuTO) and 86-M)a (Ku80) subuoit^ (2). The Ku hct- 
erodimer binds tightly to DNA DSBs in a sequcncc-indcpen- 
dent manner (3). The kinase function of DNA-PKch is activated 
whsn DNA-PKca assodataa with Ku bound to DNA termini. In 
vUrv, the hetenvtrimeric DNA-FK boand to DNA ia capable of 
pbosphcn^lating a Tvidc variety of substrates^ but in vivo sub- 
dtrataa for DNA-PK have yat to be ckarly identified (4). Dia- 
ruptioA of any of the three genes encoding DNA-FK coinpo- 
nenta, or mutations rcndentig the kinase inactive^ Tesult in 
flovcrcly compromised NHE.J and V<D)J recombination and, in 
the case of the !Ku deiiciencias, premature cellular and organ- 
Ismol senescence (5-6). Although DNA-PK and its kinaac ac- 
tivity ore clearly required for mammalian NHEJ, tho spodfic 
biochemical fnncti(m(s) of DNA-FK in vivo have yet to be 
defined. 

Wemor gyndroma (WS) is an autq^iomal recessive disorder, 
characterized at the cellular levol by gicnomic instabili^ in tha 
form of variega ted tranidocation mosaicism and extenaive de- 
letions (9, 10). Individualfi with WS prematurely develop mul- 
tiple age-relatcx! pathologias including bilatera] cataracts, 
graying of the bair, wriitkled fikio» osteoporosis, type 11 diaba- 
tea, atherosclerofliSk and increased incidence of cancer (11, 12}. 
WRN, the etene dafoctSve in WS, eiwodea a 160*kDa protein 
(Y/IIN)> which has d'--5' exonucleaee* DNA helicasc, and DNA- 
dependent ATFasa adavities (13, 14). WRN has bean reported 
to interact with p63, replication protein A (RPA), proliferatine 
eell nuclear antigen (FCNA), and DNA polymerase A, and to 
associate with the DNA replication complex {IB). WRN was 
alflo shown to interact with Ku, aupgefttinB a function in DNA 
repair (16, 17). The enzymatic eetivities of WRN clearly indi- 
cate a function in DNA roetaboliam, but its spedilc ph^log- 
ical functions are not yet understood. 

Repair of DSBs via NT'lE J minimally requires DNA-PK and 
ligQse activily, and firaquently a search for noijcrohomology, 
which may req^iiro holicasG activity, and exonucleaee activity 
OS). Ligase IV has been identified by genetic and biochemical 
studiGfl to ba thf? relevant ligasc in NHBJ (.1 9). but the enxymes 
reijpnn^tible for the estonuclcasc and helica^e actvvjtieo have not 
been identified. The Mrell-BadSO NBSl complex has been im- 
plicated in protriding the exonuclease activity involved in the 
but recent reports auggest that this complex may func- 
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tion primarjly in homologous recombin^tioii repair, with, sec- 
ondary role/t in NHEJ and damage eHjBfnaling (20» 21). Bec9U«<! 
WRN has both heUcaE?(? and cxonuclease activities, it could 
facilitatf? botli the microhomolcigy i?«flrch and the removal of 
bflfles prior to the ligation atep of NHEJ. 

InihU gtudy. we utilize biocheinical and cellular approach e^j 
to evaluate interadnona between DNA-PK and tho WRN pro- 
tein. We show functional and physiological interact,! ons "be- 
tween DNA-PK And WRN. These results provide a mGchanistic 
model for the regulation of WWN" activity by DNA-FK. Our 
reaulta further suggest tbat WRN and DNA-PK inay function 
together hi DNA metabolism. 

l?jePERlMEMTAL PROCEDURES 

CcH LincK, and Clon<?geniC wnrf Virility ARRay»—)ffS (75-26) aniJ 
fibrob)Harts from n normal sibling (82-6) were jiofocted with a pBABB 
rctrovtftJS cnrrying the CRteJytic component of human telomcroftc 
(hTERT) and a purcmycin rftsiFtance gene» selected, tiVfA CJtpondftd nn 
described (22). Cultures infectgd ^ith m6f?ft}nRfi vlniR seneBced lO (73- 
2G) ard 40 doublini^ att^r infection^ whereas cultures Inftcted 

with pBABE-bXRRT continued to proltfbrate flDT >150 doublinBS. Tb- 
lowcraflC-expTeaaing cells (73-26 hTBRT and 82-6 hTERT) were then 
BupeHnfected with on U(9N rccnmrus canying the funOenffth WRN 
cDNA* vnta^pi^ or FLA&iagged at the N terminus, and a neDmycin- 
resistant gane. Infected cells wurc eelcctccl and expanded as described 
(22). Cells (82-8 hTERT, 73-26 hTERT, and WRN-coittplemcntcfT 73-26 
hTERT) vifctc grown in Dulbecoo^e modified Bp^lc'a medium supple- 
mented vriOy 10% feta) ealf serum, 4 mw glutamine, and pcnirillin/ 
streptomycin. For survival neisaya, varying numbers Of CCUs i& X 10* Ca 
2 X 10») were plated in triplicate lOO-rom culture diahos and irradiated 
4 h later (0-6 Gy) uding 0 Pantah* x-ray gonerator oporatitig at 320 
kV/ia rtiK Ar»r incubation for 9-15 dttys. the cells were stained with 
erystal vjolst* colcnicci ^«ro eMiuted, and the surviving froetion cnlcu- 
Ifttod. For viability asBays, cells "vrcrc plated in triplicate 96-wq1I plates 
at 1000 cella/well, irradiated CIS described above, and 9 daya later the 
relative numbct of viable cells was determined uain^ tKa CellTJter 96** 
AQueouff assay kit (Promega). This assay is baaed on oallular conver- 
sion of the tetrazoHum salt, 3-(4,$-di7nethyUhiBaol-2-yDr5-(3-Cftrb035y- 
niethagE7phcny))-2^(d-Au1lbpheny))-2U-tetrazo]ium (inrttf ^nlt) (MT5) to 
a formBEan product that Sa soluble in culture medium and quantified by 
absorbance at 490 nm. Abaorbance is proportionol to the number of 
livinff cells. 

Protein Exprt4$U>n and Puri/xcoiton^WRN and Ku proteina were 
purined to near hDmogenmty from Sf9 insect celb infected with recom- 
binant baculov^rus carrying the respoctivo humon goneA (14, 23). DNA- 
PK^ -WAH purified from dtitcr human placenta or cultured HeLa cells* 
as deaoribed pro^ou^ly <24^ 2&). 

Imimnt^recipitiaitm and Western Blot y\Wy$r*— Nuclear extracts 
wore prepared by hypotonic swelling and fr ccr^t haw lyaia of oella in 20 
mM Tria-HCl, pH 8-0, 1 mM ditWofr-hroltol (DTT). Nuclei ware collected 
by centiifugation Ot 8000 x ^ for 5 mtn, and extracted in 20 mM 
TrisflCU pH 8.0, 0 j; M NaCU 6 mM MgCl^ 10% fllyccrol, 1 mM DTT for 
30 mln on ice. All buffers contained eprotinsn^ ieupaptin, and pcpstaiin 
A at 1 figfmh and phenyl methylaulibnyl fluorido fit 1 mM. ^tracts were 
clarified by centrifbgatlon at 16.000 X fbr 10 min and diluted (1;3) 
with 20 mM Xrie>HCl pH 6.0. Mouse IgG (1 />ig) or 1 mI ^ rabbit aerum 
was added to 750 pi of miclcar extract, or 0.5 MR of each purified protein, 
in 760 ^1 of Trifl-bufTfired Biillne containing 1 ng of fli 35-hp double- 
Stronded DNA oligonucleotide -vnth 5-nuclcoHde fjtnKle-atrand exton- 
Sinna on both 6' termini. <B' C3CA AAT CAA CAC GTT OAC TAC 
COT CTT GAG GCA GAG T> (S'-CCG GOA CTC TGC CTC AAG AOG 
GTA GTC AAC GTG TTG ATT T) as indicated. Reactions were incu- 
bot-od Fbr 2 h at 4 °C with gentle agitation. 10 mI of Ultralinic Protein 
A/G beads (Pierce) wns added \jo the reactions and incubated for 1 h at 
4 X with gentle oRltation, The beada were washed with 0,6 ml of 
Tris-buffered saline, 0,S% Nonidot P-40, boiled in aDS-Bsmple buffer, 
and the protein a resolved by 6% SDS-PAGE and analysed by Wc«tcm 
blotting using polyclonal antibodies fCCOgniwlag WRN (26) or mono- 
clonal antibodieB recognizing DNA-PK<» (29-4) (Vom NeoMarXera 
(Fremont, CA). 

Electrophorfitic Mobility SJUft Affwy^s— Binding reaction? were car- 
ried out in 20 mK HJ5PB13, pH 7.6, (50 m« KCl, 1 mM DTT. and 10% 
glycerol using 2<M) fmol of the as-bp DNA described above. The oUro- 
nucleotide was 5'*cnd labeled on o einele straad with [y-"=^ATP using 
T4 polyni^elcfiAide kinaEie (New England Biolabe). Approximntcly 60 
fmol of each purified protein wos incubated with the probe for 10 min at 



26 "C and reaalved by 4.6'% non-denaturing Trifl^glyclnc PAGE at 4 'C. 
and visualized by autoradiography <27>. Prote^n-DNA complexea were 
crcBS-linkcd by addling glutaraldehyde to resctions (0.0625% frnul con- 
ccftkrntiftn) after incubation for 10 min at 26 *C, and continuing the 
incubation for 6 irin pfior to eloctrophoresis (28). Where noted, poly- 
clonol antibodlftR recognizing WBN were added after croSa-llnking and 
incubated ibr 1-2 ^in prim* to clectrophonssi;?* 

Kinase Axttnyn tmd in Vivo LMing—In vitro kinase os$oysi were 
cirried out as described (29), using -0.5 pmol (0.2 pmol for wortmnnnin 
expcrirriCrtU) of UNA-PK, I pmo) of WRN, and 0.76 of ghftared 
iStalmon aparm DNi\ and 1 /tw wortmannin where noted. Reactions wqte 
separated by 7.6<?P^ SDS-FAOE, visualized, ond quantified using Phos- 
phorlmagcr ond Im.igeQuant software ft-om Molecular Dynamics 
(Sunnyvale, CA). 7.i vivo labeling experiments used exponentially grow- 
ing cRlls (Jurkat, M06SJ. M056K, SV40 transformed AT(AT5BIVA) or 
wild-type (1BR0.3GN2) human skin fibroblasts)- Tho cells were waahod 
with phosphnte-ftiee RPMI, supplemented with 10% fetal bovine ftcrum, 
find incubated for 30 min nt 37 'C in the same me<lin- (""PjOrthophoa* 
phatc wss added directly to the medium (0.6 mCi/ml), with wortmnnnin 
nt 20 MM where indicated. After 30 min of incubation at .37 "C, tlie cells 
were harvested nnd lysed in the presence Of phosphataso inhibitors 
(1 mwi Na.,V04, 10 mw NnF, and 76 nM microcjfitin) as described 
inrevimiBly (80). The OTctracta were diluted to 0 fmal coneeotration of 100 
TOM NaCl, Nonidet P-40 waa added (OJi%, final concentration), and 
WRN waa immunnprecipitaied using O.B ;xl of rabbit anti-serum recog- 
nizing WRN. The immunoprecipitated proteins were reaolved by SD8- 
PAGE ond annlyxed by autoradiography and Weatem blotting. 

HdicriM and Exonucicast A$4iatyA— Helicaso rcactioos were carried 
out in 60 mM HKPF-S (pH 7.3). 6 mM DTT, 0.1 mft/mt bovine aenim 
albumin, ond 2 mM ATP with - 100 final of a 21-nuclBotide/43-nuc)oo- 
tide duple^t DNA substrate iin which the 21-niiclcotidc strand waa 
B'-end labcted with Iy-''*P1ATP using T4 polynucleotide kinase as de- 
scribed (14). Beactiona wcm incubated for 10 min at 67 *C with --100 
fmol of WRN in each re action, and the indicated amounts of Ku and 
TJNA-PKnR. Exonnclease SfiSOys wesre carried out under conditions re- 
ported previously (U), with the same probe uncd fbr olectrophoretic 
mobUity shift nsRhya (EMSAs; described above). Briofly, 200 fmol of 
probe was incubated for 30 min at 37 *C in 50 mw HEFB3 (pH 7.6), 50 
mM K01» 10 mM MgClg, 1 mM DTT with -20 ftnol of WRN. Reaction 
products were re^nhred mi 16% PAGE^TBE gala containing 8.3 M urea. 

RESULTS * 

WRN Interacts Directly with DNA-PKc^To invGHtlgatc the 
poaaibility that WRN fbnctiona in NHEJ, wc initially carried 
out imniunnprempitationfl to determine whether WRN assod- 
ntea with DNA-PK. A rabHt polyclonal antibody recogmzin^ 
WRN waa uaad to immiinopnecipitate Jurknt ccU nuclear 03t- 
tracts. We found that DNA-PK^.^ co-predpitated with WRN 
(Pig. lA, lane *V- reciprocal exparimaot, using a mono- 
dcmal ai^tihody that binds DNA-PKcs. oo-prcdpitated WRN 
with DNA-PKcR (Pig. lA, lan^ 41 The association of WBN with 
DNA'FKfjs confirmed using extracts from HeLa and 
M059K cellfl and, therefore, waa not limited to Jurkat cella 
(data not shown). 

The interaction between WRN and DNA-PKce In cellular 
extracts could be mediated by otlier proteins and/or DNA. We 
tharefore reoonr-tituted tfcia interaction using purified proteioa 
and DNA (Fig. IJ?). WRN assodated directly wiKh DNA-PKca, 
independent of Ku, and this assodation was not influenced by 
the addition of DNA (Fig. 18. Wa 1-4). Additionally^ the 
interaction between DNA-FK^s and WRN was not diarupted by 
ethidium bromide (eoneentratlons up to 100 >i^ml), l^rther 
mdicating that the interaction is direct (data not shown) (31). 
Interestingly, a eignificant and reprodudble increaae in the 
amovpt nf WBN associated with DNA^PKoe observed 
when nil four componenta (WRN, Ku, DNA-PKea. »nd DNA) 
were present (Fig- XiB, compare Partes 3S wi^ ten* 5). WRN 
baa been reported to interact with Ku, and this interaction was 
shown to stinxniate the WRN cxonuclease activHy in vitra (16, 
17). Here, the addition of Ku did not appear to influence the 
agaodatioD of WRN and DNA-PKq(^ in the absence of DNA, 
indicating that the WRN-Ku ijit.mction did not markedly in- 
fluence the WRN-DNA-PKnfl interactaon (Fijj. IB, oompare 
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Fin. 1. Wornar protein, ijntcrftcts spe- 
cifically with the catalytic snbuviit of 
I>NA.FK and asaembles with DNA-PK 
on DNA. A, JuTknt cell nvdcnr c?iti^et 
vrati immunaprecipitatGd (JP) ret)l>lt 
prR-immuTie serum [lane 7)» normnl jnovsc 
IgG {lane 5)» rabbit scrum rftcoRMxing 
WRN {lane 3), or rrt^^ffi moTioc)Dnal IgO 
recogniang DNArPKc^ U^^^ '^). or ana- 
lyzed iHtliaiit tntmunopTecipitatioD (ex- 
tract) Go-Pe $). ThQ extract or immunopr«' 
cipitotca were proljcd aGquentially for 
DMA-PKcB and WRN by Westpm hlatting. 
The protein in the Gxtfftct^ wns sntumting 
relative to the amca^iit of emtibodyr ^, O.B 
MR of purified of purified WRN, DNA-PK^jj, 
Afkri Ku protein was diJutcd into 760 p<1 Of 
TriH-bufEbred saline with ur wjtli 1 nff of 
olisonucleotide DNA as indicated , oncl 1m- 
munoprcdpitated with nnti-WRN or anti- 
DNA-PKcR antibody. The pfccipitatfln were 
then naohrod hy SDS-PAGIB and immuzw- 
blotted for DNA.PKcs otid WRN. C, EM^ 
in which 60 finol of W^ch indicated protein 
was incubated i^ith 200 fmtH of a G*-*'^'P- 
labelsd 35^bp oligonucleotide And rcaolved 
by Tirifl^elyeine eTectrophorenis undar nan- 
denatxznn;g c<mdi.tioi^f!i. D, EMSA, identical 
reactions ct049*Itnkftd with 0.06% glutaxal- 
dehyde for 6 min prior to electmphoresia 
(hn€3 Serial dilutione of WRN anti^ 
body were added to croes-linked EMSA tz- 
ftdtonfi 1—2 min prLo!r to Glcctrophjorai^is 
(2' = 1:10,000, 3" = 1:1000,4' - 1:^00,,^' - 
1: 10) and the free ptobc wo9 rvn ofTilie gel. 
1!^e wells on cBch jjinl ant indicated (tv). 
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lane d with f<»??e9 and 4). These data show that WRN intaractd 
directly with DNA-PKca» indepead^ntly 6f Ku or DNA, and 
suggest the formatioa of n stable WRN-DNA-PK-DNA complex. 

WJWMfiemhle» with DNA-FK on DNA— To fiirther charac- 
tcrijEC the nature of the interaction between DNA-PK and 
WRN, EMSAs were carried out using puxified ptotains. The 
binding of Ku to DNA well characterized and gave the ex- 
pected mobility shift (Fig. IC, lane 2) (32). The addition of 
equimolar amQunta of purified DNA-FKea further retarded the 
mobility of the probe, indicating the asBembly of DNA-PK an 
the DNA (Fi^. IC, ianc S). The addition of WRN to the DNA-PK 
binding reaction retarded the probe even further, indicating 
aaeocxation of WRN with the DNA-PK-DNA ccmplex (Fig. IC, 
lam 4\ The addition, of WRN appaored to stabilize the 
DNA*DNA-PK complex, oa ovidcnced by the distinct increase in 
the amount of DNA ahtfted and decraaae in the amounts of 
Ku'DNA and DKA-PK*DNA complexes (Fig. IC/compara Itxma 
$ and 4), Neither DNA>FKcb hdt WRN alone retarded the 
probe under these conditionB, indicating that neither protdn 
independently bound DNA ef^ciently (Fig, IC, lanes $ and 6), 
Ku plus WRN in the absence of DNA-PKcs gave only the 
shifted band cotreapondiing to Ku (data not shown). 

To detect complexes sud^ as Ku-WRN, which may diaaodata 
undar these assay conditions^ EMSAs were run after cross- 
linking with glutaraldehyde (Fig. ID), CrDSB-linMng of WRN in 
the preeence of DNA gave only a faint mobility sMit» deteetable 
only after lon^ exposures, indioating that its assodatton with 
DNA i« teletively weak (Fig. 1D» lane 1), Aa esqpected, TeacUooq 
oontaining Ku and DNA-PKcs gave two bands eorteaponding to 
Ku and aseembled DNA-FK (Fig. W, lane 2), Cross-linked 
reactions containing both Ku and WRN ere cOidwn in Fij(. ID 
{lane 3)- The majority of the shifted DNA had a mobility con- 
mstent with the Ku-DNA complex, with only minor bands con- 
sistent with WRN-DNA and WRN'Ku'DNA complexes. Finally, 
the cross-linMng of DNA-FK-WRN resolved Ku-DNA, the DNA- 
FK'DNA complex^ and a band with mobility conetietent with the 



DNA-PK'WRN DNA camplex (Fig. ID, lane 4). To cnnfitm the 
presence of WRN in this complex, we carried out a mobility 
flhift experiment ueing antibodies that recognize WRN. To vi- 
suaKze all three complexes simultaneouely, we croaa-linkcd the 
reactions before adding incree^ng amounts of WRN antibody 
(Pig. ID, Zones 2' -5'). In the presence of WRN antibody, wc 
obfldTve a mobiUty shift of only the uppermost band, conftrming 
that WRN IB pn2flent and exclusive to the uppermost complex. 
Taken together, these data flhow that WRN assemblee with 
DNA-FK on DNA atid the DNA-PK-WRN-DNA ternary complex 
la more stable than subcomplexea. 

DNA'PKr::fi Fhospbcrylfjttft WRN in Vitro and in V/w— We 
next asked whether WRN is a substrate for DNA-PK kinase 
activity. DNA-PK phosphorylated WRN in vitro in a DNA-de- 
pendent manner (Fig. 2A, comftare lanes 3 and 4). To conirmi 
that the phottphoiylation of WRN was due to DNA-PK« we 
tested whether wortmejinin, a compound known to inhibit 
DNA-PK, could block phosphorylation of WRN. Phosphoryla- 
tion of WRN wae reducad by more than 90% in the presence of 
1 fiM wortmannin (Fig- 2A, lajies 6 and 6)^ oonfirmiog that 
WRN phoephorylated by DNA-PK and that thia phoe^oiyl- 
ation is inhibited by wortmanAin, 

DNA-PK has been shown to- phoaphorylate a variety of sub- 
strates in vitro, many of which have no apparent physiological 
i^levance to DNA repair (4). To gain insights into whether 
WRN is a physiological subetrata of DNA*PK, wc carried out 
labeling 67q>erunent9 to determine whether phosphorylation ot 
WRN occurs in oiuo. Jurkat celfe were starved for phosphate, 
followed by addition of f ^oiihophosphate alone or with the 
phosphatidylinnoital S-kiftOfiC 'inhibitor wortmannin. Cellular 
extracts were prepared, foTlowed by Immunopredpitation of 
WRN. Hid immunopredpitat^ were resolved by SDS-PAGE 
and trana&rred to a nitrocelluloae membrane. Sequential au- 
toradiography nod Western blbttin^ showed that immunopre- 
cipitated. WRN waa radiolabeled, clearly demonstrating that 
WRN was pho:»phoiylated in vivo (Fig. 2fl). Moreover, wort- 
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Pio. 2. Werner pr9ic:ii) if» phofiphorylatBd by DNA-FK in ui^ro 
imd requires DNA-PK for i» vivo phoephoiylatioi). 4, nutoradio- 
griun of an m vitro DNA-FK kinnie asa&y. resolved by SDS-FAOC. 
Reactions oontained 0.5 prtuA of DNA-PK and 1 pjnol ftf WRN {lana3 
or 0.2 pmoJ of DNA-PK and 1 pmol of WBN {Intttit^ 5 and S\ 0.76 
fig of sbaarad BSdmo^ gperm DNA* and 1 /mM wort-mnnnin -where indi- 
cated. B, JurKftt, M059J, and M059K cclb were starved for phosphate 
for 30 irjitt^ then labeled "with ["PJvfth^phDRphatB prior to inrtitiCHw 
and ImmunoprecipitatioD. The phofiphotylatfon and protein levcb wor« 
eeqveottolly analyzed 0titorod>ORrAphy and inuntinoblofctlnH, 
re9pcet]ve1y. 

Tnajiiiin wfifl a potent inhihitor pf WRN phoaphoiylatiofD in vitm 
(Big. 2B, /ones Jf and 2). 

Woitmannin has bcca reported to acfc ipdmaiily by inhibiting 
BNA-PK in vivo (3d), but flignificant mhibitioia of other mem- 
bers of tbe ph09pha1i4ylinofiitol Z-loime family of kmases has 
also been reported (34, 3$). To determine whether DNA-FBl is 
required for phosphorylation of WRN in vtvo^ the human gli- 
oma cell linee M0B9J (which lack DNA-PKcs) ei^d M059K 
(whieh express DNA-FKos) were labeled and analyzed ad above 
(36). WRN imniunoprecxpitatod from ^^-labeled M059K cells 
was clearly radiolabeled, whereas WRN immunoprcdpitated 
from "^P-labclcd M059J wae not (Jig. 2B, upper panel, laTien 3 
and 4). Western blotting showed that equsG amounts of WRN 
protein w«re precipitated from M06A>T and M069K cells (Fi|r. 
2B> bottom panel, lanan 3 and 4). The intensity pf minor con- 
taminating proteins in the immunoprecipitBtcs was independ- 
ent of tiie presenoe of wortmannin, or DNA-PKcs» indicating 
that approximately equal amounts of isotoiw were internalised 
by the ceMn, end that other kinase activities were not altered 
(data not shown). The level of another phospbatidylinoaitol 
^-kinase member, the ataxia-telanglectadia mutated protdn» is 
low in M069J ccimpftrcd with M059K celJe (37). To determine 
whethei? ataxia-tclangiectasiiEi mutated protein levels affected 
WRN phosphorylation in vivo^ we immunopredpitated WRN 
from ^^P-labeled normal (1BR3.3GN2) and atasda-telangiecta- 
flia (ATSBIVA) human ftbroblastfl. WRN phosplioiylation was 
similar in normal and ataxia-telangiectasia cells (Fi^. 2fl, lanes 
0 and 6^. Thus, the difTcrcnce in tlie WRN phoaphorylation 
M069K and M069J cells was due to the difference in DNA- 
PKcs levels . These experiments indicate that DNA-PK is re- 
quired for WRN phosphorylation, and there is a physiological 
intcroctioTi^ between WRN and DNA-PK in vivo, 

DNA'PKcs Inhibit^ WRN Enzymattjc Activities and Ku Jte- 
verscB Inhibition— VfHl^ has both 8'-5' exonudease and ATP- 




DNA-PKOS 



i29«$a ra 1213141518 

Pro. 3. DNA-PKc9 Jnhibitfl WRN cjconucleBse and hcllcasc ac- 
tivf tieA bat inhrbitSon In loat ih the pr«9ance of Ku. A, WRN 
hdicaae aasaya oontoininK double-fitrwided DNA Ruhstrate 6*-'^-1a- 
bc)e<1 21-bRRe oligonucleotide annealed to a 43"bnRG oHgonudeotide M 
dcscrtbcd (14). Lane i ia a mocfc reaotion ooDtaiftl"nK reaction buffer and 
jiiixhfcLrBte. Triangles indicate increnmng aniQi>ftt» or protein (50, 360, 
and 1000 fraoD, and iridlcatea lOdO ftnol of cither DNA-PKca or Km or 
X itM wortmannin. RcftCtinns* were incubated 37 'C for 10 min -vith 2 
mM ATP. All reaet-'vna contained 100 fffKf} of WRN and were n»olvcd by 
10% native TBE-PAGE. B, WRN exotnJ«leiwe aBaay. All icactioos con- 
tained 6'-"P-ltkbcled 3fi-bp oligonwdcocidG. Lane 2 la n mock reacUon 
containing reaction buffer and flubstrate (S). Lanea 2^16 contain 100 
ftnol nf WRN and increasing limounta of DNA-PKcs (0, 60, 2B0. GOO, and 
1000 fmol ftom hft to ri^ht") an tadlcated by *fuw^iw. Lone* 7-11 
contoli) eOO fmol of Ku in cad) reaction, and /ontfs X^iB contain 600 
finol of Ka nnd 2GD m ATP. 



dependent helirase activities (13» 14, 33). To determine the 
functional significance of the Jinteraction between WRN and 
PNA-PK; we first examined the effect of DNA-PK on hclicase 
activity. Prepnratiiana of Ku arid DNA-PKcu showed no detect- 
able hdicasc or exonudeaae acUivity under our aefiay conditions 
(data not shown). As reported tl6), the addition of Ku did not 
markedly alter helicase activity (Fig, aA, lanes 2-^. However, 
increasing amounts of DNA-PKc:^ distinctly inhibited WRN 
hdie&fic acfcivi^ (Fig. 3A, Zones d'-fi). Thi^ inhibition was re- 
lieved by increasing amounts of Ku (Fig. 3A» lojves Q-ll), Be- 
cause WRN heliease and DNA-FK kinase activities both re- 
quire ATP, we used worttnannin to spedi^cally inhibit 
phosphorylation during the helicaEte reaction. The raveraal of 
helicaso inhibition was not altered by wortmannin. Thus, tbe 
aMlity of Ku to reverse the ixkhibition of WRN heliease by 
DNA-PKc;3 was not phosphoryiation-dependent (Pig. SA, fows 

Wc next investigated the efiect of DNA-PKgb on WRN exo- 
nudeaae activity. Increasing axnounts of DNA-FKcs markedly 
inbibtad the exonuclease activity (Fig. 3B, tones The 
addition of Ku to a parallel set of reactions alleviated this 
inhibition (Fig, 35, tanast 8^11), WRN exonucleasc activity was 
also stimulated by Ku alone (F%. SB, compare Zones 2 and 7), aa 
reported previously (16). This stimulation is also seen in the 
hdicase assaya at high Ku concentrations (Fig. 3A, lanes 4 and 
5; note degradation of th« lower band). To dGtennine whether 
kinase activity alters WRN eKOnttdease activity, Ku and ATP 
were added to reactions coi&taining WRN and increasing 
amounts of DNA-FKcs- AT? stimulated exonudeaae activi^ 
only slightly shove that caused by Ku alone, HUfg$eating that 
reversal of inhibition by Ku is not entirely pbosphorylation-do- 
pendent (Fig. SB, compare ktn^ 8-11 with lanos 13-~Jt€), Taken 
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toge+Jier, these data show fhat WRNhclicaae ^»nd exonudcasG 
adivitiea are inhibited when WRN is bound to DNA-PKch. and 
that this inlMbition is reversed when is added. 

WS OtllA Are Sensitive to hnizinu Radiation (IJl) Wild- 
type WRN Complements Stffwiiiuity— Togethdf, our data sug- 
gest thflk WRN is regulated by DNA-PK, raising the posimbility 
that WRN fUnd^onfl in NHBJ. If WRN functions in NHEJ, it? 
ab9Gnce ahoiild diminicth the ceIVs capaci^ for NHErX, a hall- 
mark of which id eenaitivity to IR. WS cells, whether nonnel or 
SV-40 transformed have i\pt been reported to be IR-fiansitivc. 
However, given the relatively mild symptonw of WS, compared 
with thoBe in nrioe daflciont in DNA-PiC components, WRN may 
not pUy an fiflB«aitial role m NttEJ and WRN deficianey may 
tVierefoTG confer only mild Renaitivily to IR. 

To test, thin idea, wc iminorf.alis5ed iibrobUists from a WS 
patient (73-26) and normal sibling (82-6) by axpresaing the 
catalytic wbunit of tclomerafje (bTERT), as described (22). We 
thcsn complemented the immortal WS cells with the wild-type 
WRAT cDNA, either epitope (FIAG)-tagged or untaggted using 
retroviral tTannduction and seJection of mass populatioi36. 
Western analysis showed that WRN was imdetectable in WS 
cells, expressed in aartnal (wild-type) cclln, and overexproased 
in complemented WS cells (Tig, 4A), CHottogonic survival assays 
showed that WS cells (73-26) were more sensitive to IR than 
wild-type ceBs (S2-6), although this sensitivity was much less 
pronounced than in cells deficient in DNA-PK componentfl (8). 
Most important, WS cells that expressed FLAG-tagged WRN 
pTt^tein flhowed restoration of wild-type IR aenaitivi ty (Fig. 45). 
To confinn the IR sensitivity of WS cellfl, we carried out cell 
proliferation assays using the MTS assay (39, 40). The results 
verified the IR sansitivity of WS cells detected by the clonogenic 
afiftay. Moreover, they gbowed complementation of the IR sen- 
sitivity by untagged WRN (Fig. 40. In both assays we used 
Txim-danal populations^ thus minimising the possibility of 
donal variation in JR sansttivity, and in the MXS a^soy^ colls 
infected with an insertleas virus were assayed as a control. 
Although the IR sensitivity of WS cells was mild compared with 
Ku or DNA-PK^jj-dcficient cell lines> the sensitivity was com- 
plementcd by rest^oration of wild-type WRN protein. 

DISCUSSION 

Our studies show that WRN associates with PNA-PKc^ both 
in vivo and in vitro^ assembles with DNA-PK on DNA, and 
forms a stable WRNDNA-PK-DNA complex. The association of 
WRN and DNA-PKcs inbibitcd both the exoixuclaase and hcli- 
case activities of WRN, and the addition of Ku and subsequent 
formation of the WRN'DNA-PK-DNA complex resulted in ac- 
tive exonudeaae) heHcaso, and kinase activities. Additionally, 
WRN was phosphorylated in vivo in a manner strictly depend- 
ent upon DNA-PK<-p, and an absence of WRN protein conferred 
mild IR sensitivity to cells. Taken together, our data suggest 
that DNA-PK may regulate WRN activity and lhat WRN func- 
tions with DNA-'PK to piooefls DNA DSBs. 

DNA repair is a metabolic necessity of tha highest priority, 
carried out by a complex network of repair proteins and path- 
ways. Tho NHEJ repair pathway repairs a significant propor- 
tion of DNA DSBs inhi^iher eukaryotes (41). Although exonu- 
dease activity in NHEJ has been clearly demonstrated (42), the 
lack of exonudease mutant cell lines exhibiting severe IR (ten- 
sitivity suii^eflis redundancy for exonudease function in 
NHEJ. The Mrcll-RadSO-NBSl (M/R/N) complex has been im- 
plicated as functioning directly in NHEJ (43), but other studies 
indicate DNA-PK and M/R/N do not assodate (44) or co-)ocalixe 
(46) and that Ku inhibits M/R/N exonudease activity (46). 
Conaequeutly, the role of M/R/N in NHEJ Tomains unclear. Jn 
contrast, Ku has been reported to interact diwtly with WRN 
and stimulate WRN exom^daajte activity suggesting that theae 



proteins function together in DNA metabolism (16, 17). Our 
data suggest that WRN functions with DNA-PK to fedlitate 
DNA end processing. It is plausible that both WRN and M/R/N 
function in NHEJ by providing e^tooucleosc activities that are 
partially redundant. By negatively modulating the exonudease 
activity of WRN. DNA-PK may limit the extent of degradation 
during NHEJ, thereby preventing extanaivo deletion b and in- 
crcftsmg the fidelity of repair. Tn the absence of WRN, other 
exonucleases that are lasa reg|ulatGd may substitute for this 
function. Consifitent with this idea, mutations at the HPRT 
locus show more extensive deletions in WS cells compared with 
wild-lype cells (10). Moreovejq, plaamid-based repair aesoys 
show increased mutations wiih larger deletions in WS cells 
(47). 

A dear sequence homology ^sts between the helicQse do- 
Tnains of WRN. Es^ihcrickia coll RecQ protein^ and the yeast 
SGSl protein. The E. coU Re«Q helicase has been shown to 
have a role in homologoiaa re«»nblnatioJX (48) and the ScKcha- 
romyces cerewsiac SGSl functions to fvuppreas homologous re- 
combination (45). Five RecQ-like proteins have been identiiicd 
in humans as compared with the single RecQ helicasc itiE, coU 
and S. eerevisiae. Among these RecQ-Uke proteins, the exonu- 
clesHe function of WRN is unique, suggesting that WRN and 
possibly the other human RecQ-like proteins may have diver- 
gently evolved ftr specialized ftmctiona. CJonaistent with this 
idea, the three syndromes aseiociatod with mutations in three 
different human RecQ-ljke hehcases* Wemer^s syndrome, 
Bloom*s syndrome, and Rothmund-Thomson syndrome, have 
overlapping but markedly different phcnotypes. Additionally, 
complementation of egsl mutacnt yeast with BLM restores hy- 
droxjnuioQ resistance and suppresses cell prowth in the topS 
background* whereas WRN does not, indicating that these pro- 
teins are not functionally eqiiivalent (50). Furthermore, the 
interactions between WRN and DNA^PKcs are not likely to be 
mirrorod in yeast; aa this organism lacia* DNA-PICcs. Ther^ 
fore, it is not dear that WRN, or any of the human RecQ-Uke 
helicasee, are true functional homologucs of the coti RecQ or 
yeast SGSl. 

Our results show for the first time that the catalytic subum't 
of DNA-PK interacts diredly with WRN, and that Ku docs not 
compete or disrupt the DNA-iPKcs'^^R^ complex. Tb^ fune* 
tional consequence of WKN>DNA-PKcs interaction is surpris- 
ingly oppoaite the effect of the WRN-Ku interaction. DNA-PK^a 
inhibited WRN exonudease activity, whereas Ku stimulated 
the same activity. Furiliermm» the interaction between Ku 
and WRN had little e£fect on WBN helicase activity, whereas 
wc found that DNA-PK^p draiaatically inhibits WRN helieaae 
act.iv4ty. Most importantiy, the addition of Ku relieved the 
DNA-PKcB inhibition of both WRN enzymatic functions. 

In addition to demonstrating a direct interaction between 
WRN and DNA-PKca. showed tbe assembly of a 

WRN'DNA-PK DNA complex. This complex appeared to be 
more stable than subcomplexes, includirjg WRN-Ku. The sta- 
bility of the WRN'DNA-PK-DNA complex suggests that the 
WRN-Ku and DNA-PKcs"^^'^ interactions are additive, and 
not competitive, with respoct to WRN. Previous reports clearly 
showed an interaction between WRN and Ku and a resulting 
stimulation of WRN exonudease, but not helicase, activity (16, 
17, 51). Given that the DNA-PKqE,'WRN complex persisted in 
the presence of Ku, and that DNA-PK is more abundant than 
WRN in celli?, it is feasible that the majority of WRN is asso- 
dat«d with DNA-PKcs in vivo. If this is the case, then the 
interaction between WRN and Ku is most relevant in tbe con- 
toxt of DNA-PK. 

We further report the novel finding that DNA-PK pho^pho- 
tylalGs WRN in vitro and is reviuircd for WRN phosphorylation 
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Fici. 4. W9 fire MnsitiiYO to tonizan^ 
radiation (ind BensiUvity Bfl rewrse^ 
by e<w»|>lemBiitatJoft with WRN 
cDNA, A» piarified recoirtbi nRnt WRN pt> 
tein (/ane And equid (imaanta of the 
indicBtBd ccUulBT ortrnClS (ianm Z-^) 
vmre iimnltiioW^tted Beqiicntjally for 
WRN and tvbw^in- S. colguy Formation 
away of 82-$ hXERT {wt\ 76-24 hTERT 
iWRN-/-\ *rtd 76-Z4 hTERT comple* 
mented with WRN-FLAG cDNA. Cells 
were plet«d in triplictito (GOO celW 
100-mm dls^i), iiradiAtCCl, cultured for 
7-15 <lnyR, atained with cryatal violet or>d 
scored. C, MTS viability aesay. Cell^ were 
plat«d tT> triplicnte 96-well dishes ot XDOO 
cells/Well, irradifltCfJ, cultured ft>r 3-9 
days, and aoored according to the lAOnu- 
fiicttirer'a inetructicrnis. Data points ore 
ftlighrly oflMt on the x axia to avcdd ovcr- 
l«ppiij|{flrror bars, D, JlliiatTBtion of DNA- 
PK-WRN intsrnehion model. 
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m WW. These date cstablisli a physiological iritoraction be- 
tween DNA-PK and WRN. Althouifh we observed mmor effects 
of phosphorylation on the ex^udease function of the 
physiological role of WRN phosphorylfttion is still wndear. 
Phosphorylation mny function to feciHtate tba IntcroctionB 
with Ugaae after end pToeefising is oompleto^ or fulfill axi ha yet 
unidentified tolo in NHEJ or other process. Alternatively, ibe 
full effect of WRN phw?phoiylation may only be apparent whan 
other pzuteiui^ are present. We ahowed that WS cella arc mildly 
radiation-deoisitive and thai thifi sensitivity W9it complemented 
by WBI^. Although these data do not support a roquirement for 
WRN in NH&J, they auggGst that WRN may fonetion in a 
subset of NHEJ eveDts or provide function^ that overlap with 
athor proteins such as the M/R/N complex. It is feasible that the 
type or context of the DSB$ dicbates lie specifio exonudease(s> 
required to pxoceeifl and rqjoin the break. Other enzymes may 
compenflatc fbr the lack of WRN with respect to global NHBJ, 
whereas the WRN-DNA-PK may be spcajScally required to 
process a doss of substrates associated with aging. This cJaia of 
DSBa may involve telomcric DNA, as Ku was recently reported 
to localize to telomeres in yeast and human cell? (62, S3). 

Taken together, dux data suggest an intriguing mechsmem 
for the regulation of WRN activities by DNA-PK. We show that 
the WRN'DNA-PKcsg complex is inactive with respect to exo- 
nudoese, helics^e and kinase activitiea. The WRN-DNA-PK^e 
complex apqembles on DNA termini by associating with the 
DNA-bound Ku. The assembly of the WRN^DNA-PK DNA com- 
plcTR tben activates the WRN fixonuclcase and hedicase activi- 
ties, and the DNA-PKcs kinase activity (Fig. 4DI We propose 
that the helicaae then functions to unwind the DNA termini, 
allowing for the microhomology search between the two DtflA 
ends, and theexonudease functions to remove unpaired bases, 



flllowing Hgation, In this model, DNA-PK Jocahzses WRN to 
DNA breaks, switches on mmudease and helicasc activities, 
and acts as a scaffold to align DNA termini for microhomology 
aT>nealing and limited exonucleolytie processing. 

Interestingly, thie proposed mechanism is co!nsiiitant with 
the reported aging phenn^pes of Ku and DNA-PB<2S knockout 
mice. Cells fh>m Ku70 and KuSO knockout mice undergo pre- 
mature cellular scnesoence, and the animala are smaller than 
normal size. Moreover, Ku80 knoAout mice prcanaturely de- 
velop multiple characteristics of aging» reminiecent of WS pa- 
tients (54). DNA.PK<a knockout mice, by contrast, are of nor- 
mal stature and have not been reported to underj^ premature 
cellular scneecenoe or prematurely develop aging characteris- 
tics. Otir data shows that WRN ia inactive when bound to 
DNA-PK<^9» and WRN activation requires association with 
Ku'DNA If this were the case in mouse cdls, then WRN would 
be oonstitutivoly repressed in the absence of Ku. This would 
efPectjveb^ deplete ceHs for WRN activity and result in a phe- 
notype reminiscent of human WS with respect to aging. In 
contrast, cello lacking DNA-PK^s cannot repress WRN activity, 
and WRN-Ku interactions may be suflBcient for WRN function, 
consequently DNA-PKcs knockout mice would not display pre- 
mature aging phenotypes. Therefore, it is formally possible 
that the repression of WRN function may be causaUve in the 
observed aging phenotype of IJu*"'"^ mioe. 

AcknoutladjifrrrentB^'Wv thftnk Junko OahllOO fi>r the WRN antibody 
and 82-6 and 73-26 primary fibroblw»tB, Malgorzata Zdxicnicka for the 
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ntudlofl, members of PricilU Cocpwr^a Ipborntmry ror helpful dlpmsslon». 
and Sondeep Burnia ond Janice Pluth fw critically reodijiff the 
manuscript. 
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